INTRODUCTION
Respiratory syncytial virus (RSV) is the single most important cause of lower respiratory tract infection during infancy and early childhood worldwide (13, 22, 60, 111) . Both the magnitude and intensity of infection and the host response to RSV infection determine the severity and intensity of disease. To begin unraveling the complexities of these host-virus interactions, we first discuss the epidemiology and pathogenesis of RSV disease and the humoral and cellular immune response mounted by the host. Once RSV infection is established, the host immune response includes the production of virus-neutralizing antibodies and T-cell-specific immunity. Much of what is known about the immunobiology of RSV infection has been learned from rodent models, with extrapolation, in many instances, to human disease. Vaccine-induced enhancement of RSV immunopathogenesis has been recognized since field trials of RSV vaccine were performed in the 1950s. Since this body of work has led to a greater understanding of RSV immunobiology in general, the observations made during those experiments, as well as the efforts to dissect out the reasons for this phenomenon, are summarized. Finally, the available treatment modalities for severe RSV infection are considered.
EPIDEMIOLOGY OF RSV DISEASE
Human RSV is a member of the Pneumovirus subfamily of the family Paramyxoviridae. It accounts for approximately 50% of all pneumonia and up to 90% of the reported cases of bronchiolitis in infancy (13, 22, 55, 60, 111) . Outbreaks of RSV disease are abrupt in onset and can last up to 5 months (59, 62, 99) . These epidemics occur annually at regular, predictable intervals. In geographical areas of temperate climate such as the continental United States, RSV activity usually peaks in the winter and extends into the spring (52, 59, 123) . Although the "RSV season" is a predictable annual event, the severity of the outbreaks varies (74) .
Fluctuations in the circulating strains of RSV may contribute to the variation seen in the severity of these annual outbreaks. The two major strain groups, A and B, circulate simultaneously during an outbreak, and it has been suggested that group A strains may be associated with more severe disease, although the correlation of strain group with clinical severity merits further investigation (74, 112, 134, 167, 176) .
The public health problem caused by this virus is exemplified by the fact that approximately two-thirds of infants are infected with RSV in the first year of life; one-third of those infected develop lower respiratory tract disease, 2.5% are hospitalized (more than 90,000 children in the United States every year), and 0.1% die (88, 140) .
PATHOGENESIS OF RSV BRONCHIOLITIS
The incubation period of RSV respiratory disease is estimated to be 5 days (95, 163) . At the beginning of the illness, the virus replicates in the nasopharynx, reaching titers as high as 10 6 50% tissue culture infective doses per ml of nasal secretion in young infants (78, 79) . The mechanism by which virus spreads from the upper respiratory tract to the lower airways is not clear, but it is presumed to be via direct spread along the respiratory epithelium and/or through the aspiration of nasopharyngeal secretions. RSV can spread from cell to cell, without emerging into the extracellular milieu, by inducing cell fusion and syncytium formation (156) . In experimentally infected primates, the tracheal epithelium is sparsely and discontinuously infected, arguing that emergence into the extracellular space is necessary for viral spread in vivo in this animal model (148) . Another possible mechanism for the spread of RSV to the lower respiratory tract is via infection of macrophages, with migration to the lower airways. Alveolar macrophages are infected with RSV in vivo (120, 138) , and if high multiplicities of infection are used, monocyte-derived macrophages can be infected with RSV in vitro (105) .
In infants, lower respiratory tract signs, such as tachypnea, wheezing, or rales, usually appear 1 to 3 days after the onset of rhinorrhea, representing viral spread into the bronchi and bronchioles. Lower respiratory tract viral titers are difficult to determine, but in autopsy studies of patients with fatal cases of lower respiratory tract RSV disease, viral antigens are much more plentiful in fatal RSV pneumonia than in fatal RSV bronchiolitis (56) , suggesting that virus replication continues as respiratory failure progresses. This study also demonstrated that RSV antigens failed to penetrate deeper than the superficial layers of the respiratory epithelium.
Clinical recovery from RSV bronchiolitis may occur in the presence of continued virus shedding from the upper respiratory tract (78, 79) . However, some studies have demonstrated that virus shedding stops coincident with the emergence of specific secretory immunoglobulin A (IgA) at the time of clinical recovery (117, 118) .
The pathologic findings of severe RSV infection in infants are similar to those of bronchiolitis and/or pneumonia due to other respiratory viruses such as influenza virus, parainfluenza virus type 3, and adenovirus. During bronchiolitis, ciliated epithelial cells are destroyed, and in widespread bronchiolar epithelial necrosis is observed the most severe cases (1) . In its severe form, lower respiratory tract disease caused by RSV involves peribronchiolar mononuclear cell infiltrates accompanied by submucosal edema and bronchorrhea. These events lead to bronchiolar obstruction with patchy atelectasis and areas of compensatory emphysema. Pneumonitis may occur as the alveoli become filled with fluid (1, 55, 56) .
In milder cases of bronchiolitis, infection involves predominantly the lower airways, with various degrees of peribronchiolar and interstitial inflammation. Tristram et al. (171) recently demonstrated that RSV added ex vivo to primary respiratory cell cultures induced rapid and near complete ciliostasis, a phenomenon that may predispose to worsening obstructive symptoms in vivo. It is the tropism of this agent for respiratory epithelium and its propensity to induce the formation of large syncytia that give this virus its name (Fig. 1) . It is unknown if such sheets of syncytia are formed in vivo as respiratory epithelial cells fuse, but sloughing of this cellular debris into the airway lumen certainly could exacerbate the obstructive process.
Although RSV infection is considered to be confined to the respiratory epithelium, RSV antigens have been detected in circulating mononuclear cells (46) and the virus replicates in macrophages in vitro, albeit at very low titers (105) . Moreover, RSV can induce mononuclear cells to produce cytokines (6) . Despite these findings, viremia has never been described, suggesting that hematogenous spread of RSV does not occur in immunocompetent individuals. In contrast, immunocompromised individuals have experienced extrapulmonary spread of RSV to the liver and kidneys (121, 137) . Prolonged viral shedding from the respiratory tract is observed in immunocompromised individuals, suggesting that intact cell-mediated immunity is critical in the eradication of RSV infection (19, 77) .
IMMUNITY TO RSV

Properties of the Virus
RSV is an enveloped, nonsegmented, negative-sense RNA virus. The RSV genome is a single strand of RNA composed of approximately 15,000 nucleotides that are transcribed into 11 major subgenomic mRNAs (30, 32, 41) (Fig. 2) . Each of the mRNAs encodes a major viral protein. Three of these proteins are transmembrane surface proteins (G, F, and SH). One protein is a nonglycosylated virion matrix protein (M), and four proteins associate with the genomic RNA to form the viral nucleocapsid (N, P, L, and M2 open reading frame 1 [M2 ORF-1]). M2 ORF-2 is a second, distinct protein transcribed from the M2 gene, which has defined properties in transcriptional regulation (33, 34 ) (see below). Finally, two proteins (NS1 and NS2) are nonstructural viral products that accumulate in infected cells but are present in only trace amounts in mature virions (30, 133) . Table 1 summarizes the structural and functional properties of the known RSV proteins.
The RSV F (for "fusion") protein was identified by the observation that some F-specific monoclonal antibodies inhibited syncytium formation in tissue culture, emphasizing the importance of the F protein in these cell fusion events (177) . F protein expression alone may not be sufficient to mediate cell fusion, since coexpression of F, G, and SH proteins was required for syncytium formation in one recombinant protein expression system (84) . In a more recent study, a recombinant RSV lacking SH was shown to retain infectivity and the ability to form syncytia (15) , ruling out the need for SH in cell-to-cell fusion. Perhaps the most clinically important characteristic of F protein is that it has been identified as one of the major virus-neutralizing antigens produced during viral replication; i.e., host cell antibodies produced against epitopes of the F protein are able to neutralize virus. This observation has led to production of virus-neutralizing monoclonal antibodies for use in passive immunization to prevent severe RSV disease in high-risk groups. This is discussed in detail in a later section.
The RSV G protein was identified as the viral attachment protein by the finding that antibodies specific to G protein, but not to F protein, inhibited the adsorption of virions to cells (108) . There is some question whether G protein is the unique (or even the major) viral attachment protein, since recombinant RSV that lacks the G protein coding region remains fully viable in tissue culture (96) . G protein is heavily glycosylated; the significance of the high sugar content is unknown (29, 180) . It has been suggested that the glycosylation, being specified by the host, may protect the virus-specific peptide from being recognized as a foreign antigen (31) . Variation in these glycosylation sites from strain to strain may also contribute to the antigenic heterogeneity demonstrated by RSV. The extracellular domain of G protein has a high degree of strain-to-strain diversity, but it also contains a 13-amino-acid region that is fully conserved among all RSV strains known to infect humans; this motif is certainly a candidate as a host receptor binding site (93) . The identity of the host cell surface receptor(s) for RSV remains elusive, but it is assumed to be abundant based on the efficiency with which tissue culture cells bind purified G protein (178) . Like F protein, G protein can induce the production of potent RSV-neutralizing antibodies by host cells.
The nucleocapsid-associated proteins include the major nucleocapsid protein (N), the phosphoprotein (P), and the RNA polymerase (L). Together, these proteins have been demonstrated to function as the RSV replicase (34, 72, 194) . The M2 mRNA contains two overlapping translational open reading frames, ORF-1 and ORF-2 (33). M2 ORF-1 has historically been considered a second matrix protein (hence the abbreviation M2) but has recently been found to colocalize with the nucleocapsid proteins N and P (49, 54) . M2 ORF-1 protein is a necessary component of the viral replicase, since it ensures efficient production of full-length mRNA (34, 81) . M2 ORF-2 protein appears to be a negative regulatory factor (33, 34, 81) . Collins et al. (34) have proposed that this negative regulatory function renders nucleocapsids synthetically quiescent prior to incorporation into virions. The functional significance of the nonstructural proteins (NS1 and NS2) remains unclear.
Protective Immunity
Protection against and recovery from RSV infection are mediated largely by the host immune system; secretory antibodies, serum antibodies, major histocompatibility complex class I-restricted cytotoxic T lymphocytes (CTLs), and, in the very young, maternally derived antibodies serve as specific effectors (8, 9, 23, 116, 149, 181) . The importance of the host immune system in the eradication of RSV is exemplified by the observation that children with primary or acquired immunodeficiency diseases have difficulty in eradicating the virus and shed virus for many months rather than the typical interval of 1 to 3 weeks (19, 51, 166) . Studies of RSV infection in mouse models have demonstrated that in previously naive animals, CTLs and antibodies both play a role in eradicating RSV from the respiratory tract. Humoral immunity. Specific RSV-neutralizing antibodies are present in the sera of all full-term newborns by virtue of the transplacental transfer of maternal antibodies (12, 140) . The measurable antibody titers in the newborn are similar to the maternal levels and decline slowly during the first few months of life. After 7 months of age, detectable neutralizing antibody is usually the result of natural infection (12) . Breast-fed infants have the added benefit of maternal antibodies in the form of colostrum (23, 116, 149, 181) .
Both serum and secretory antibodies are produced in response to RSV infection, even in very young infants (116, 117) . In infants, however, the antibody titers that develop are usually low. This blunted antibody response may be secondary to the relative immunologic immaturity of the infants and/or to a suppressive effect of maternally transmitted transplacental antibodies (126) . Evidence for such a suppressive effect of passively transferred antibodies has been shown in an animal model of RSV infection (128) . In addition, recent studies with RSV protein vaccines suggest that the presence of RSV-neutralizing antibodies is much more important than the absolute titer of anti-F and/or anti-G antibody present in the serum (172, 173) .
In mice, RSV-specific antibodies do not appear to play a major role in the resolution of infection (65), although administration of physiologic amounts of RSV-specific antibodies during periods of peak RSV replication can accelerate resolution of the infection. Data from the Canadian collaborative group of pediatric infectious disease investigators demonstrated that the frequency of lower respiratory tract infections caused by RSV is significantly lower among children with RSVneutralizing antibody titers greater than 1:100 than among those with lower titers (107) . Evidence from animal models, including neonatal ferrets, cotton rats, and owl monkeys, also indicated that antibody protects against RSV disease (85, 145, 164) . Once infection is established, however, it is the cellular immune response that promotes viral clearance.
Cellular immunity. Cellular immune responses are thought to play an important role in clearing RSV. Immunocompetent infants infected with RSV stop shedding virus within 21 days following infection; by contrast, children with deficient cellular immunity can shed virus for several months (51, 77) . In the murine model of RSV infection, CD8
ϩ CTLs are capable of clearing RSV infection but may induce an enhanced inflammatory response (5, 8, 18, 169) . RSV-specific CTLs are easily detected in peripheral blood from previously infected adults (9) , in whom CTL responses are associated with decreased clinical symptoms (90) .
Limited data from studies of infants with primary RSV infection suggest that a cellular immune response with specific CTLs is initiated within 10 days of infection (26, 91) . The N, F, and M2 proteins are targets for CTLs in rodents and humans (9, 16, 24, 131, 136, 141) ; SH, M, and NS2 proteins were recognized by human CTLs. The protective effects associated with a (vaccine-induced) immune response to N and M2 appear to be CTL mediated but are short-lived (37, 38) . It has been suggested that the failure of G protein to induce a CTL response may be an important factor in RSV disease pathogenesis (161) .
The contribution of the different T-cell subsets to recovery from RSV infection remains a focus of investigation by a number of laboratories. The response to RSV infection in mice has been characterized as a Th1 response with subsequent production of gamma interferon, interleukin-2 (IL-2), and IgG2a. The production of RSV-specific CTLs follows close behind (7, 9, 16, 17, 124) . In addition, RSV-specific CTL cell lines infused into normal or nude mice resulted in viral clearance, emphasizing their importance (5, 17, 18, 66, 124 ϩ -T-cell or CD8 ϩ -T-cell subsets still eradicated the virus; however, viral shedding was prolonged. Mice that were previously infected with RSV and thus were immune to the virus did not have prolonged shedding when rechallenged with virus under conditions of CD4 ϩ -T-cell or CD8 ϩ -T-cell depletion. Passive transfer of RSV-specific CD4 ϩ or CD8
ϩ T cells to infected mice resulted in decreased pulmonary shedding of RSV but in some studies resulted in increased pulmonary damage (3, 18, 124) . In RSV-infected adult mice, the combined effects of CD4 ϩ and CD8 ϩ lymphocytes were necessary for full antiviral activity (68) . The proliferative lymphocyte responses to RSV antigens in vitro have been measured during and after natural RSV infection in infants. Two separate studies demonstrated that lymphocytes collected from patients with bronchiolitis and asthma possess enhanced stimulation induces early in convalescence, a phenomenon not observed in lymphocytes collected from patients with upper respiratory infections or pneumonia (39, 185) .
As discussed in detail in the next section on immunopathogenesis of RSV infection, if RSV antigen (as opposed to natural wild-type virus infection) is used in primary immunization, different T-helper cytokine expression patterns are evoked. Immunization with live virus stimulates a Th1 type response, whereas immunization with inactivated virus results in a Th2 cytokine expression pattern (65) . The importance of this distinction becomes clear in the next section.
In direct contrast to both parainfluenza and influenza virus infections, RSV infection frequently fails to induce a detectable level of interferon in nasal secretions of infected patients (80, 114) . This observation supports a minor role, if any, for interferon in recovery from RSV infection.
ROLE OF IMMUNITY IN PATHOGENESIS OF RSV DISEASE
The potential cytopathic effects of RSV on respiratory epithelial cells explains many of the pathologic findings associated with lower respiratory tract RSV infection. However, evidence implicating the host cell immune response as a direct participant in RSV pathophysiologic changes is also compelling. The early observations that severe RSV disease is most likely to occur in infants between 2 and 6 months of age, when maternally derived anti-RSV neutralizing antibodies persist at high concentrations, prompted investigators to consider the involvement of anti-RSV antibodies in immunopathologic mechanisms in RSV bronchiolitis (20, 21, 115) . However, there are equally compelling arguments for a protective rather than an immunopathologic role for maternally derived anti-RSV antibodies, as discussed above. Further evidence for a protective role of maternally derived antibodies was provided by the recognition of an association between a low umbilical cord blood RSV antibody titer and serious RSV disease (61) . There is also relative sparing of serious RSV disease in infants younger than 6 weeks, an age when maternally derived antibodies would be at their peak (88, 140) . The parenteral administration of RSVneutralizing antibodies in animal models and more recently in high-risk infants prevented rather than enhanced RSV disease (69, 145) , arguing against antibody involvement in disease immunopathogenesis.
Role of Cell-Mediated Immunity
The most dramatic support for an immunopathologic mechanism in RSV disease emerged from field studies where infants were immunized with a formalin-inactivated, alum-precipitated, parenterally administered RSV vaccine. Although these infants developed complement-fixing and neutralizing antibodies, an unusually large number of vaccinees later developed natural RSV infection that was more severe than is usually seen without immunization (27, 53, 94, 99, 125) .
The present understanding of the immunopathologic mechanisms in RSV disease has been largely advanced through animal studies. In these studies, cotton rats or mice were immunized with inactivated RSV vaccine and then challenged with intranasal inoculations of wild-type RSV. This model system faithfully reproduced the results of the field studies in humans, since the animals developed enhanced pulmonary histopathologic findings including florid pulmonary eosinophilia with associated hemorrhagic necrosis (144) . The most widely accepted explanation for this immune system-mediated enhancement of RSV disease is that there is an imbalance in the Th1-and Th2-lymphocyte response to the vaccine. Normally, Th1-type responses with gamma interferon and IL-2 production are seen with viral disease. The pulmonary histologic findings in the mice previously immunized with the inactivated RSV vaccine are more consistent with a Th2-type response, an ineffective immune response to viral pathogens.
There are a number of other reasons for the inefficacy of the early vaccine trials. First, because the vaccine is administered parenterally, it is very unlikely to induce appreciable local secretory IgA antibodies, thereby leaving vaccinees susceptible to infection. Moreover, there was a dissociation between neutralizing-antibody and glycoprotein antibody responses in serum in vaccine recipients (127) . Specifically, vaccinees immunized with formalin-inactivated RSV developed high antibody titers to the F glycoprotein of the virus, but these antibodies had only marginal virus-neutralizing ability. The antigenicity of the protective epitopes on the F glycoprotein appeared to be reduced during the process of formalin inactivation. The immunogenicity of RSV G protein epitopes was likewise adversely affected. When the immunization phase of the early vaccine trial was completed, it was noted that lymphocytes from young vaccinees exhibited an exaggerated response to RSV antigens in vitro (100). The idiosyncratic response of these infants to the formalin-inactivated vaccine is highly artificial but plays an important role in our understanding of normal RSV immunobiology. For this reason, the current understanding of this phenomenon is described in some detail.
With the identification of discrete lymphocyte subsets, studies with the mouse models of RSV infection demonstrated that the formalin-inactivated vaccine induced a high level of virusspecific memory lymphocytes, probably of the CD4 ϩ lineage, but did not induce an RSV-specific CD8 ϩ CTL response. Indeed, CD4
ϩ cells are the predominant lymphocyte type in the pulmonary infiltrate of infected, previously immunized mice (65) . Of the CD4 ϩ cells present, cells with the Th2 phenotype predominated in these mice, whereas Th1 cells were present in largest numbers during natural, wild-type RSV infection. Again, this suggests that vaccinees experienced imbalanced cell-mediated immune responses favoring a Th2-type over a Th1-type response (132) .
Studies with mice also provided evidence that RSV-specific CD8 ϩ lymphocytes may play a role in the pathogenesis of RSV disease. RSV-specific CTLs can clear virus from persistently infected, immunodeficient (irradiated) mice, but acute pulmonary damage occurs under these experimental conditions and the mice die. Similarly, CTLs accelerate the clearance of RSV from immunocompetent mice, but virus clearance is associated with acute and sometimes fatal pulmonary disease (18) . Further work with splenocytes enriched in either CD4 ϩ or CD8 ϩ lymphocytes indicated that both phenotypes decreased the pulmonary virus titer, with CD4 ϩ cells being more efficient (3). The CD4 ϩ cells in this study were of the Th2 phenotype, secreting IL-4, and IL-5 but only low levels of IL-2. Histopathologic testing revealed intense pulmonary eosinophilia associated with this Th2 response. A series of elegant studies with mice in which either CD4 ϩ or CD8 ϩ cells were depleted indicated that both subsets of cells were involved in both recovery and the pathologic response (68) but that the CD8 ϩ cells were more efficient in both functions. Clearly, a fine balance exists between the protective and disease-producing effects of T cells; it may be impossible to completely dissociate the two elements.
Taken together, these data strongly support the hypothesis that recipients of the inactivated vaccine were susceptible to infection because the vaccine did not allow the production of local protective IgA responses and did not result in adequate levels of serum neutralizing antibodies. Because the RSV-specific CD4
ϩ lymphocytes were present, they underwent rapid amplification in response to RSV antigens. The resulting effector functions of these cells, in addition to the recruitment of other cells by inflammatory cytokines, causes considerable damage to the bronchioles and alveoli. These immunopathologic mechanisms of tissue injury would continue, especially in the absence of protective serum or neutralizing antibodies, and inadequate CTL response. While cellular immunopathologic events are clearly implicated in the vaccine-induced pulmonary pathologic findings reported in the 1960s, it is also likely that subtle alterations in the natural cellular immune responses to RSV can contribute to the immunopathologic findings of wildtype RSV infection. This may explain why some infants with RSV lower respiratory tract disease are "happy wheezers" while others develop hypoxemia leading to respiratory failure.
Immunoglobulin E, Histamine, and Eosinophils
The clinical similarities between viral bronchiolitis and reactive airway disease (asthma) has led to the speculation that the two disease states have similar pathophysiologic mechanisms. Because of this, investigators have begun to explore the roles of IgE, histamine, and eosinophils in RSV disease.
The concept that IgE might be involved in the pathogenesis of RSV disease has been suggested by a number of studies (184, 186, 187) . RSV-specific IgE was detected in the secretions of infants during the recovery phase of RSV bronchiolitis (184, 187) . Levels of IgE were high in infants with bronchiolitis and correlated with the degree of hypoxemia during acute RSV disease. Interestingly, the levels of IgE found in such patients correlated inversely with the number of circulating CD8 ϩ cells (186) . In addition, histamine, presumably released during the interaction of IgE, RSV, and mast cells in the respiratory epithelium, was detected in the secretions of patients with bronchiolitis and RSV-induced asthma but was not found in the secretions of patients with RSV pneumonia or upper respiratory infection (14) .
Several groups have shown that during RSV infection, eosinophils are recruited to and degranulate in the lung parenchyma (35, 58, 82, 135, 158) . Wheezing during RSV infection was associated with increased concentrations in respiratory secretions of leukotriene C 4 (175) and eosinophil cationic protein (58), both of which are mediators produced and secreted by activated eosinophils. Stark et al. (162) showed that cultured respiratory epithelial cells infected with RSV support an increased adherence of activated eosinophils. Kimpen et al. (101, 102) presented evidence for the direct activation of eosinophils by RSV in vitro, and Saito et al. (155) demonstrated that human epithelial cells upregulated the expression of the eosinophil chemoattractant RANTES in response to infection with RSV. Recently, we confirmed the upregulation of RANTES in respiratory epithelial cell lines in response to RSV infection and, further, have demonstrated the upregulation of another eosinophil chemoattractant, macrophage inflammatory protein 1␣ (MIP-1␣), during ongoing RSV replication (45) . We have also demonstrated elevated MIP-1␣ levels in lower respiratory tract specimens from intubated infants with RSV bronchiolitis (82) . Although the mechanism(s) by which these chemokines are upregulated merits further investigation, our preliminary studies confirmed that RANTES and MIP-1␣ are upregulated via distinct signaling pathways (45) . The observation that RSVinfected epithelial cells upregulate and secrete eosinophil chemoattractants supports the hypothesis that eosinophils are recruited to and participate in the immunopathogenesis of RSV disease.
Eosinophils have also been associated with the pathophysiologic findings of RSV infection when children were previously immunized with inactivated vaccine (27) . As mentioned above, children who were previously vaccinated with the formalininactivated RSV vaccine and who subsequently developed natural RSV infection had increased eosinophil counts in blood (27) and massive eosinophil infiltrates were observed in postmortem specimens from vaccinated children who died of RSV pneumonia (98) . Clearly, the infiltration of eosinophils into the lungs of these patients participated in the immunopathogenesis of their disease.
Together, these studies demonstrated that recruitment of eosinophils to the respiratory tract does occur in response to RSV infection and, when exaggerated, may lead to a more severe form of RSV disease. Recruitment of eosinophils to the lungs during RSV infection may also represent a primary immune system mechanism designed to blunt viral replication, since eosinophils and eosinophil RNases have been demonstrated to possess antiviral activity (42, 43, 44, 103) . We speculate that eosinophils play beneficial roles in RSV disease but, when overrecruited, exacerbate the immunopathologic process, a "double-edged sword" reminiscent of the role of the neutrophil in adult respiratory distress syndrome.
While the immunopathologic mechanisms associated with enhanced RSV disease following vaccination with the inactivated vaccine are compelling and the involvement of immune system-mediated components in the pathogenesis of RSV bronchiolitis and pneumonia is likely, it is important to emphasize that much of the damage is probably a result of direct cytotoxicity. Moreover, the clinical presentation of bronchiolitis, with its resemblance to asthma in older patients, is probably a combination of multiple factors including immunologic mechanisms, the tropism of RSV for respiratory epithelium, and the anatomy of airways, which are obstructed easily in the face of necrosis and edema, especially in very young infants.
TREATMENT OF RSV DISEASE
Ribavirin
While significant advances in our knowledge of RSV biology, immunology, pathophysiology, and epidemiology have been made in the past 40 years, there continues to be a fair amount of controversy about the optimum management of infants and children with RSV infection (179) . Ribavirin, a synthetic nucleoside (Fig. 3) delivered as a small-particle aerosol, was approved for the treatment of RSV lower respiratory tract infection and licensed in 1985 for use in hospitalized children in the United States. The precise mechanism of action of its antiviral properties is unknown.
The lack of consensus about the management of RSV-induced bronchiolitis in infancy cannot be attributed to a paucity of literature. The results of at least 14 trials of bronchodilators, 3 trials of adjunctive systemic glucocorticoid treatment, and 11 randomized trials of ribavirin have been published (11, 70, 75, 76, 107, 118, 122, 146, 152, 160, 165, 179, 189) . In six controlled, randomized studies, ribavirin treatment was found to reduce the severity of RSV illness by decreasing viral shedding, improving oxygen saturation, and improving clinical scores (11, 75, 76, 152, 160, 165) . Recently, a systematic overview of these studies, highlighting potential flaws, has been published (147) . The results of this meta-analysis were discouraging but were consistent with the clinical experience of pediatricians. Ribavirin treatment did not lead to significant improvement in clinically important outcomes. The growing concern about the efficacy of ribavirin and the high cost of its use (50) have led to the recent wording change in the American Academy of Pediatrics recommendation for its usage from "should be used" to "may be considered" for selected infants and young children at high risk for serious RSV disease (36) .
Studies on the long-term outcome of bronchiolitis in infancy have focused on the incidence of recurrent wheezing and the possible effect of ribavirin therapy (57, 110, 113, 154, 182, 183) . A recent retrospective sample of children with and without ribavirin treatment of RSV lower respiratory tract infection in infancy found no differences in wheezing or other pulmonary function measures 6 to 8 years later (104) .
Future multi-institutional, prospective, randomized trials may help curb the controversy about the use of ribavirin and may provide information about the contexts in which it may provide clinical benefits. Animal experiments have already shown that ribavirin combined with RSV immune globulin (RSVIG) given either parenterally or as an aerosol was more effective than therapy with either alone (64, 73) . In addition, clinical trials with children and immunocompromised adults are planned that have been designed to evaluate the efficacy of humanized anti-RSV monoclonal antibody alone and in combination with ribavirin. 
Prospects for New Therapies
New therapies designed to combat moderate to severe RSV disease are clearly needed. Categories of agents currently under investigation include sulfated polysaccharide compounds, miscellaneous organic compounds, a variety of proteins (some with known enzymatic activities), and nucleosides other than ribavirin, including antisense oligodeoxyribonucleotides.
Sulfated polysaccharides extracted from marine algae (83), sulfonic acid polymers (89) , and derivatized dextrans (130) each have anti-RSV activity in vitro, presumably by inhibiting viral attachment to and/or internalization into the host cell. Until the host cell receptor (and/or coreceptors) for RSV is identified, it will be impossible to determine if these compounds are interfering at a virus-receptor binding site.
A number of organic compounds have also received attention as anti-RSV agents. Benzylimidazotriazine derivatives have antiviral activity, but many forms are too cytotoxic to develop as clinically useful agents (63) . Polyoxometalates (10) and pyridobenzazoles (25) are less toxic in vitro, and SP-303, a natural polyphenolic polymer, reduced pulmonary RSV titers when used in the cotton rat model of RSV lower respiratory tract disease (193) .
A variety of peptides and proteins have also been tested for their ability to impair RSV replication in vitro. Speculation that inhibiting cell-to-cell fusion might lessen the severity of clinical disease has led to attempts at developing fusion inhibitors as therapeutic agents. Synthetic peptides derived from separate domains of the F protein blocked RSV-induced syncytium formation when used at concentrations as low as 0.015 M. The high selectivity of these peptides for RSV make them candidates for further development (106) . Other proteins recently demonstrated to have potent anti-RSV activity include crude plant protein extracts (2), some forms of superoxide dismutase (192) , an L-aspartate transcarbamoylase inhibitor (191) , and eosinophil-derived neurotoxin, a potent generalized RNase (44) .
Nucleoside derivatives other than ribavirin have generated scant interest from investigators in this field (174) ; the development of antisense technology has been more aggressive. Specific cleavage of genomic RSV target RNA has been detected at antisense oligonucleotide-binding sites (92) . Because of the pattern of RNA cleavage observed, it was suggested that endogenous RNase H participated in RSV genomic degradation. Other RNases have been studied for their antiviral properties, and the ability of these proteins to degrade viral genomic RNA has led to some elegant studies. For example, recruitment and activation of RNase L to an RSV mRNA by using 2-5A-antisense oligonucleotide technology showed potent inhibition of RSV replication (28, 170) .
These novel strategies designed to overcome RSV replication have been executed almost exclusively in vitro. Perhaps one or a combination of these approaches will eventually emerge as beneficial in the clinical realm.
Passive-Immunization Therapy
Intravenous immunoglobulin therapy to prevent RSV disease. The use of hyperimmune globulins in the treatment and prevention of RSV infections was the focus of a recent review in this journal (86) . For an extensive discussion of this topic, the reader is referred to that state-of-the-art review. Here we summarize the information and add details of recent developments including the current recommendations for the clinical use of RSVIG.
RSVIG is an emerging therapeutic modality, now attracting attention as both a treatment adjunct and an immunoprophylactic modality. Parenteral administration of RSV-neutralizing antibodies in animal models and, more recently, in high-risk infants resulted in prevention of RSV disease. This is a critical observation, given the exacerbation of natural RSV disease seen following vaccination with the formalin-inactivated, alumprecipitated formulation in the 1960s (27) .
In the cotton rat model, a preparation of RSVIG showing a high titer of antibody to RSV afforded superior protection to standard intravenous immunoglobulin (IVIG) against challenge with RSV (157) . The observation that passive antibodies to RSV were protective in animal models prompted studies with humans. A placebo-controlled trial of IVIG involving 49 children at high risk for severe RSV disease observed 6 infections in each group (119) . It was concluded that the achievable RSV-neutralizing antibody concentrations after administration of IVIG were too low, and subsequent trials were performed with RSVIG (69, 143) . In this study, pooled Ig containing high titers of anti-RSV neutralizing antibodies (RSVIG), given as monthly infusions during RSV season, reduced the frequency of lower respiratory tract infections, hospitalizations, and total days of hospitalization. However, an increased number of unexplained deaths occurred in RSVIG recipients who suffered from congenital heart disease. This worrisome phenomenon was also observed in another study, leading to the recommendation that RSVIG not be used in patients with underlying heart disease (159) .
The compelling results of the aforementioned studies led to approval of RSVIG by the U.S. Food and Drug Administration for the prevention of RSV infection in high-risk infants, but there is considerable controversy about specific indications. Problems associated with the use of RSVIG include the potential for transmission of blood-borne pathogens, the need to administer a large volume of product (15 ml/kg of body weight), and the associated fever and desaturation that can accompany the administration of any blood product. Additional practical problems associated with monthly administration of this preparation during RSV season include the necessity for intravenous access, long infusion times (which can strain hospital resources), and high cost. Prober and Wang (146) calculated that to prevent a single hospitalization, 12 infants with bronchopulmonary dysplasia (BPD) would have to receive RSVIG prophylaxis. In contrast, to prevent a single hospitalization, 63 premature infants younger than 6 months would have to be treated. Based on these findings, these authors proposed that only infants with BPD who are receiving supplemental oxygen therapy be given prophylaxis. Recommendations of the American Academy of Pediatrics assert that RSVIG prophylaxis "be considered" for infants and children younger than 2 years with BPD who are currently receiving oxygen therapy or have received oxygen therapy in the last 6 months. They also contend that infants with a gestational age of 32 weeks or less at birth may benefit from prophylaxis until 6 to 12 months of age (4) .
New anti-RSV monoclonal antibodies are under development (40, 168 ). An advantage of this approach is that highly concentrated RSV-neutralizing antibody preparations can be delivered in much smaller volumes than the polyclonal RSVIG preparations, thereby shortening the administration time. Data on the efficacy of these preparations in the prevention and treatment of RSV disease led to Food and Drug Administration approval for their use in the 1998 to 1999 RSV season.
Intravenous immunoglobulin therapy to treat RSV disease. The role of RSVIG as therapy for severe RSV-induced lower respiratory tract disease in high-risk infants and young children has begun to receive some attention. In a recent study (153) , 105 children were randomized to receive RSVIG (54 children) or placebo (51 children). Interestingly, there was no significant difference in duration of hospitalization, duration of intensivecare unit stay, mechanical ventilation, supplemental oxygen use, or adverse effects between the two groups. Although RS-VIG was demonstrated to be safe, it did not appear to be efficacious in the attenuation of the disease process. At first glance, it seems paradoxical that RSVIG has some protective benefit in preventing the frequency and consequences of RSV infection in high-risk infants but lacks therapeutic efficacy. One explanation is that by the time respiratory symptoms are present, the virus has already penetrated the respiratory epithelium and is sequestered from host humoral immunity (146) . Prophylactic administration of RSVIG may neutralize infectious virions before cellular penetration occurs, thereby preventing disease at the outset. Antibodies applied topically to the airways of RSV-infected animals appear to be more beneficial than antibodies delivered systemically. Topical application of high-titer antibody preparations resulted in a 30-fold greater reduction in pulmonary viral titer than that produced by preparations low in anti-RSV titer (86) . Direct delivery of antibodies to the mucosal surface via aerosolization has also been demonstrated to be safe when used in infants (150) ; however, one placebo-controlled randomized trial with 65 patients showed no benefit to its administration (151) .
Combination therapy with ribavirin and systemically administered Ig has also been tried with some success in the cotton rat model (73) . An anecdotal report of combined aerosolized ribavirin and systemic Ig treatment in bone marrow transplant recipients who developed RSV disease showed a 22% mortality among patients treated before the onset of respiratory failure and 100% mortality among patients who went untreated or in whom treatment was initiated within 24 h of respiratory failure (188) . Intravenous ribavirin for the treatment of RSV respiratory disease in bone marrow transplant recipients has also been tried, but the results have been variable (109, 188) .
Finally, mouse, humanized-mouse, and human monoclonal antibodies to RSV have been developed and tested for their potential prophylactic and therapeutic benefits (40, 168, 190) . Preliminary results in human trials designed to evaluate the ability of the monoclonal-F product in preventing severe RSV disease in premature infants appear promising.
PREVENTION OF RSV DISEASE: THE VACCINE EFFORT
The morbidity and mortality associated with bronchiolitis, coupled with its frequency and worldwide distribution, make RSV a prime target for the development of a vaccine that can be administered early in life. The reasons why an RSV vaccine is not yet available stem from multiple problems with its development. First, and most important, is the possibility that vaccination will potentiate naturally occurring RSV disease, as observed with the aforementioned formalin-inactivated vaccine (27, 53, 94, 98) . Second, newborns and very young infants may not mount a protective immune response because of relative immunologic immaturity or because of suppression of their immune response due to circulating maternally derived anti-RSV antibodies (31, 47, 129) . Another important consideration in the development of an effective RSV vaccine is the need to provide protection against multiple antigenic strains of RSV in the two major groups, A and B. A number of strategies have been implemented recently to generate safe and effective subunit, inactivated, and live attenuated virus vaccines (47) . Vaccine development is ongoing. Currently, the two most promising candidate vaccines to be studied in clinical trials are an RSV F subunit vaccine (for immunization of patients who have already had their primary RSV infection, such as the elderly and older RSV-seropositive children with conditions predisposing them to severe RSV disease) (48, 71, 87, 139, 142, 172, 173) and cold-passaged, temperature-sensitive (cpts) attenuated RSV strains (97) . While this cpts mutant appears immunogenic, retained virulence has been observed in older children, precluding the study of this variant in infants. However, progress with this technology continues, and other cpts variants which are slightly more attenuated are under study. Another possibility is to immunize infants with an attenuated RSV vaccine to optimize the Th1-type response and then to immunize them with a subunit vaccine to boost both anti-F and anti-G neutralizing antibody production. As progress on the vaccine front continues, an optimal immunization schedule, possibly with different forms of the RSV vaccine, will probably emerge.
